Metamaterials have attracted a great deal of attention due to their intriguing properties, as well as the large potential applications for designing functional devices. In this paper, we review the current status of metamaterial sensors, with an emphasis on the evanescent wave amplification and the accompanying local field enhancement characteristics. Examples of the sensors are given to illustrate the principle and the performance of the metamaterial sensor. The paper concludes with an optimistic outlook regarding the future of metamaterial sensor.
Introduction
Metamaterials are manmade media with all sorts of unusual functionalities that can be achieved by artificial structuring smaller than the length scale of the external stimulus [1] . They have provided many possibilities for exploring unknown physical phenomena such as reverse Vavilov-Cherenkov effect [2] , negative refraction [3] , cloaking [4] [5] [6] [7] , concentrator [8] , perfect lens [9] , and negative compressibility [10] . In recent years, sensing applications of metamaterials have attracted a great deal of attentions. It is well known that conventional optics suffer from Abbe diffraction limit, since they are only capable of transmitting the propagating components, and the maximum resolution in the image can never be greater than half a wavelength. In a pioneer work, Pendry [9] demonstrated that phase of propagating waves and the amplitude of the evanescent states could be restored by the perfect lens made up of materials with negative index of refraction and thus giving rise to a resolution below the diffraction limit. The essence of the perfect lens lies in the evanescent wave amplification induced by the negative refraction materials. It has been achieved experimentally by Grbic and Eleftheriades [11] using transmission line metamaterials. For the metamaterial slab with thickness of and loss of , the resolution will be Δ = 2 / ln(2/ ) [12] . If the loss approximated zero, infinite resolution could be realized. Although the loss metamaterials cannot be eliminated, and perfect lens does not change the decaying character of evanescent wave, the idea of far field perfect imaging through converting evanescent waves to propagating waves has been proposed and demonstrated experimentally [13, 14] . On the other hand, the amplification of evanescent wave has been shown to be able to enhance the interaction between wave and mater and then increase the sensitivity of sensors [15] . A large number of researches about metamaterial sensors have emerged over the last several years. Schueler et al. [16] reviewed the metamaterial inspired composite right/lefthanded transmission line microwave sensors. Chen et al. [17] reviewed metamaterials application in sensing with an emphasis on split ring resonator-based sensors. Our group has been dedicated to the study of metamaterial sensors for a long time, and a great portion of works have been done [15, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Zheludev [30] analyzed the future development of metamaterials and pointed out that sensing application represents a growing area.
In this paper, we make a review of the metamaterial sensors with an emphasis on evanescent wave amplification and the concomitant effects. In Section 2, the generation of surface wave at the boundary between negative and positive materials is revisited, and examples of metamaterial planar waveguide sensors and surface whispering gallery mode sensors are given to illustrate phenomenon of evanescent wave amplification for sensing application. In Section 3, sensors 2 International Journal of Antennas and Propagation based on planar metamaterial arrays with enhanced sensitivity for the detection of mechanical deformation, graphene atomic layer, and for label-free image of biochemical samples are introduced. In Section 4, examples of sensors based on stacked metamaterial structures are given to illustrate the subwavelength imaging characteristic. Section 5 focuses on the metamaterial sensors based on a single metamaterial particle with the advantages of fabrication simplicity and experimental robustness. In Section 6, the other kinds of metamaterial sensors such as the sensors based on squeezing and tuning effect of epsilon near zero materials and the open cavity are illustrated. In the last section, a conclusion is given.
Evanescent Wave Amplification
In 2000, Pendry [9] found that negative refraction makes a perfect lens due to the amplification phenomenon of evanescent wave. To give a vivid picture of this phenomenon, we revisit the slab waveguide model shown in Figure 1 (a). In the case of time harmonic field and lossless, that is, both and are all real numbers, suppose that magnetic field is polarized along the -axis and TM wave travels in the -direction. When a layer of metamaterials is covered on the surface of the guiding layer as shown in Figure 1(b) , evanescent wave at the boundary between the metamaterial layer and the cladding layer will be amplified. This can be proved by deriving the dispersion equation of this structure. Figure 2 shows the distribution of ( ) along the -axis of the simulation model. It can be seen that the evanescent wave in cladding layer is enhanced by metamaterial layer [15] .
Planar Waveguide Sensor.
Waveguide sensors have found a wide range of applications such as the detection of harmful gases [31] and chemical analytes [32] . Such sensors are also known as evanescent wave sensors because of the evanescent wave entering into the analyte whose refractive index is to be measured. Due to the interaction of the analyte and the evanescent wave, changes can be observed in the absorption or phase shift of the light propagating through the waveguide, giving an indication of the concentration of refractive index of the analyte. The amplification of evanescent wave forms the basis for increasing the sensitivity. Many researchers have attempted to increase the penetration depth and strength of evanescent wave by bending or tapering the optical fiber [33] [34] [35] [36] [37] and altering the light launching angle [38] . Horváth et al. [39, 40] have shown that penetration depth of evanescent wave can be increased by using reverse symmetry configuration that the refractive index of the aqueous cladding is higher than that of the substrate material. Taya et al. [41] investigated the sensitivity of asymmetrical optical waveguides with nonlinear cladding and substrate, of which the permittivity displays a Kerr-type response. They show that sensitivity of the nonlinear planar asymmetrical optical waveguide sensor is higher than that of the conventional asymmetrical optical waveguide sensor. Through inserting a layer of metamaterials with negative permittivity and negative permeability between the cladding and the guiding layer, they found that the sensitivity of the waveguide sensor can be dramatically enhanced [42] . We [18] studied the dispersion equation of TM mode planar optical waveguide with metamaterial layer and showed that the sensitivity of this waveguide was much higher than that of traditional TM mode planar optical waveguide sensor. Recently, the nonlinear planar optical waveguide sensor with metamaterial layer is proposed by our group [19, 20] , and both the TE and TM mode dispersion equations are derived and analyzed in detail. We demonstrated that metamaterials combined with nonlinear waveguide will further enhance the sensitivity of the optical waveguide sensors. Figure 3 (a) shows the schematic diagram of a four-layered waveguide sensor model. It is supposed to be infinite in both the -and -direction. The waveguide consists of four layers, from the top to the bottom, which are semi-infinite nonlinear cladding, metamaterial layer, guiding layer, and semi-infinite nonlinear substrate, respectively. Thickness of the guiding layer and the metamaterial layer is denoted as 1 and 2 , respectively. Permittivities of the four layers are nlc , , , and nls . The TM mode nonlinear cladding and substrate are supposed to be Kerr type. . We can clearly observe that there is a sharp increase of evanescent field at the boundary between the metamaterial layer and the nonlinear cladding. The magnetic field intensity at the surface of the metamaterial layer is about 2.46 times that of the waveguide without the metamaterial layer. For the TE mode nonlinear planar waveguide, the evanescent application phenomenon can also be obtained. Sensitivity ( ) of the sensor depends on the modal effective index ( ) change rate with respect to the change of cladding index ( ), that is, = ( / ). Through differentiating the dispersion relation of the nonlinear planar waveguide sensor, the sensitivity can be obtained. Sensitivity versus 1 for the nonlinear optical waveguide sensor with metamaterials ( ) and without metamaterials ( nm ) is plotted in Figures 4(a) and 4(b) . In the case of normal symmetry ( > ), sensitivity increases with guiding layer thickness and reaches a maximum value at a point around 1 = 200 nm and then decreases gradually. Here, = / and = / are the asymmetry parameters. In the case of reverse symmetry ( < ), the sensitivity decreases monotonously with 1 . Comparing the two figures, we can conclude that metamaterials can improve the sensitivity of the optical waveguide sensor, and the optical waveguide sensors with metamaterials in reverse symmetry mode has much higher sensitivity. For TM and TE mode optical waveguide sensors with metamaterials, the sensitivity as a function of Figure 4 (c), an optimal guiding layer thickness is observed at around 60 nm for TE mode, while the optimal guiding layer thickness for TM mode sensor is about 220 nm. In the case of reverse symmetry shown in Figure 4 (d), sensitivity decreases gradually with 1 , and the thinner the guiding layer, the better the performance of the sensor. Therefore, the sensitivity of TM waveguide sensor in reverse symmetry configuration possesses much higher sensitivity than TE waveguide sensor.
Surface Whispering Gallery Mode.
From the previous analysis, we can conclude that the sensitivity of the planar waveguide sensor can be greatly enhanced by metamaterials due to the amplification of evanescent wave. Interestingly, we find that when the dielectric slab covered with a layer of metamaterials with negative permittivity and/or permeability is bent over to form a four-layer cylindrical waveguide as shown in Figure 5 (a), the evanescent wave can also be amplified [21] . Figure 5 (b) shows the cross-section of the cylindrical waveguide structure. Electric field distribution in the crosssection of the dielectric waveguide coated with a layer of metamaterials at the eigenfrequency of = 165.664 THz is plotted in Figure 5 (c). Figure 5 (d) displays the electric field distribution in the cross-section of a conventional dielectric waveguide. It is clear that for the metamaterial-assisted microring, maximum electric field of WGM moves to the surface of the metamaterial layer. This is named as surface whispering gallery mode (SWGM). It exposes a strong evanescent field to the surrounding, and thus this region will be quite sensitive in dielectric environment. Besides, SWGM can also be generated on the inner surface of a hollow dielectric waveguide and the surface of a circular or elliptical dielectric cylinder when coated with a metamaterial layer [22] [23] [24] .
The SWGM sensor has been demonstrated to have much higher sensitivity than that of conventional WGM sensor. To give a quantitative illustration for the sensitivity of the SWGM sensor, resonant frequency, frequency shift, and factor of the SWGM in dielectric sensing are simulated and compared with the traditional WGM sensor, as shown in Table 1 [21] . For the WGM sensor, the average frequency shift to an increase of 0.02 in substance permittivity is only 13.25 GHz, and the sensitivity (defined as resonance wavelength shift over the refractive index change unit) is about 1.4 nm/RIU. For the SWGM sensor, the response to an increase of 0.02 in substance permittivity is a significant resonant frequency downshift of 187 GHz in average, and the sensitivity is about 29 nm/RIU, which is more than 20 times that of the WGM sensor. This is due to the amplification of evanescent field which ensures a strong interaction between light and substance. Interestingly, the sensitivity of the SWGM sensor can be further enhanced by increasing the thickness of the metamaterial layer. Figure 6 shows the relation between resonant frequency and substance permittivity for different metamaterial layer thickness ( ). When the thickness of metamaterial layer is 0.05 m, the average frequency shift in response to a 0.02 increase in substance permittivity is about 42 GHz, and the sensitivity is 5 nm/RIU. When the thickness of metamaterial layer is 0.2 m, the average frequency shift will be 204 GHz, and the sensitivity can be increased up to 50 nm/RIU. This is because much more power is transferred to SWGM with increasing metamaterial thickness. Recently, we have demonstrated theoretically that when a layer of Au film is deposited on the microring instead of the metamaterial layer, SWGM can also be excited when the excitation frequency is lower than plasma frequency [45] .
Planar Metamaterial Array
Planar metamaterials consisting of subwavelength resonators have been proposed for thin dielectric film sensing. To achieve higher sensitivity, the sensor needs to have a sharp resonance in its frequency response and a high concentration of electric field to enable the detection of small changes in dielectric environment. When analyte is deposited on the surface of the resonators, the effective permittivity at the gap of each resonator is increased. Then, the gap undergoes a significant change in the charge distribution and capacitance, which can be observed from the transmission resonance. This sensing mechanism has been demonstrated experimentally and successfully applied to a range of planar metamaterial sensors [43, 44, [46] [47] [48] [49] [50] [51] . For example, Melik et al. [48] demonstrated that the metamaterial-based strain sensors are highly sensitive to mechanical deformation, due to the large transmission dips and high quality factors. The detection of a single atomic layer of graphene was realized by Papasimakis et al. [49] based on the metamaterial sensor made up of an array of asymmetrically split ring resonators. Liu et al. [51] showed that the metamaterial sensor fabricated using gold film may serve as a highly efficient localized surface plasmon resonance sensor in the near-infrared with sensitivity of 588 nm/RIU. An intracellular plasmonic label-free imaging by exciting multimode resonances in spilt-ring resonators is proposed by Lai et al. [43] . Figure 7 shows the SEM images of the designed SRR samples which were fabricated by standard e-beam lithographic and lift-off processes. One sample contains 10 × 10 unit cells, and each unit cell consists of 5 × 5 SRRs. All SRR unit cells contain exactly identical SRR pattern from cell to cell. To demonstrate the performance of the planar metamaterial sensor, bioimage of human bone marrow-derived mesenchymal stem cells (hMSCs) based on the fundamental resonance signal of SRR at the wavenumber of 1850-2400 cm −1 was conducted and compared with conventional imaging technology. Figure 8(a) shows the conventional optical microscopic image of the hMSCs grown on the SRRs samples. The black part in the background refers to the SRRs structure. In this case, any detail of the inner nucleus and organelles cannot be revealed without the labeling process. Figure 8(b) shows the confocal fluorescent optical microscopic image of the hMSCs, in which the nuclei of the hMSCs can be observed. However, such a labeling process is typically expensive and time consuming, impeding the practical application of real-time diagnosis. images were captured by a focal planar array detector. All measured spectra have been normalized with respect to the reflection spectra of an aluminum mirror. In Figure 8(c) , the region colored in red represents the nucleus. This is corresponding to the greatest shift of Resonant frequencies and the strongest reflection intensity. The other colored parts mainly refer to the cytoplasm, corresponding to the smaller shift of resonant frequencies. In short, this study demonstrated the feasibility of using SRRs for constructing the refractive index distribution of hMSCs to obtain images of the target cells. The SRR platform possesses many advantages beyond other optical microscopy such as label-free and realtime diagnosis.
A metamaterial-based terahertz (THz) sensor for thickness measurements of subwavelength thin materials and refractometry of liquids is proposed by Reinhard et al. [44] . The sensor operates in reflection geometry and exhibits a strong frequency shift of a sharp Fano-type resonance minimum in the presence of a dielectric sample. The magnitude of this shift depends on both the refractive index and the thickness of the sample. The unit cell is a square with an edge length of 140 m, consisting of four metallic crosses on top of a 10 m thick dielectric matrix with a relative permittivity = 2.67. Each of the crosses is titled by an angle of 22.5
∘ . Details about the geometry parameters are shown in Figure 9 (a). When excited by a horizontally polarized THz wave, the distribution of currents and charge is shown in Figure 9 (b). Figure 9 (c) is a microscope image of the fabricated metamaterials. In order to experimentally prove the capability of the sensor of measuring the thickness of thin sample materials, silicon layers ( = 3.4) with thicknesses between approximately 50 nm and 1 m were evaporated on top of the metamaterial sensor, and the reflection spectra were measured using THz time-domain spectroscopy. In the previous cases, the sample substances that deposited on the surface of the metamaterial give rise to a shift in resonant frequency due to the change of capacitance. In a recent work, Kenanakis et al. [46] studied the sensing capability of a metamaterial structure made of a pair of square metal slabs as shown in Figure 11 . The whole structure contains 10 × 10 unit cells. Each side of the pair is printed on a separate FR-4 boards placed facing each other at a distance , with the printed metallic structures facing outwards. The space of thickness between the two FR-4 boards is filled (or partially filled) with the materials of interest. To demonstrate the sensing capacity of the metamaterial structure, transmission spectrum for air, low density polyethylene (LPDE), FR-4, and p-type silicon are measured and compared with numerical simulation, as shown in Figure 12 . Aside from the very good agreement between simulations and experiments, we can observe in Figure 12 a quite large shift of the magnetic resonance to lower frequencies as the permittivity of the dielectric between the slab pair changes from 1.0 (air) to 11.90 (silicon). Besides, the metamaterial structure is also applicable for measuring the thickness of thin dielectric layer placed between the slabs of the pairs. The experimental results show that a very thin layer of LDPE with thickness of 0.1 mm can lead to a Resonant frequency shift as large as 0.5 GHz, indicating the large sensitivity of the design.
Stacked Metamaterial Structure
Unit cells of metamaterials are usually stacked together to make novel electromagnetic devices [1, [37] [38] [39] . Besides, it has been demonstrated that the stack of metamaterial particles or particle arrays is capable of increasing the interaction between wave and matter and then enhancing the sensitivity of sensors [52] . Liu et al. [53] experimentally demonstrated a nanoplasmonic analogue of electromagnetically induced transparency using a stacked optical metamaterials. Results show that plasmonic structures enable large field strengths within small mode volumes, and this may pave the way towards ultracompact sensors with extremely high sensitivity. Seo et al. [54] reported the experimental observations of trapped mode resonances in stacked symmetric electric ring resonators separated by dielectric inserts. This opens an alternative way of forming sharp resonances in a symmetric metamaterial structure which may have potential applications in sensor design. Han et al. [55] studied the transmission properties of stacked SRR arrays, and sharp resonance coupled with field concentration phenomenon, which satisfy the requirement of an effective senor were observed. Aylo et al. [56] investigated the transmission and reflection spectra of periodic and random stacks comprising positive index materials and negative index metamaterials l Figure 11 : Schematic of the slab pair structure. A magnification of one unit cell of the slab pair structure (red shadowed area) is presented. , , and correspond to electric field, magnetic field, and the wave vector, respectively [46] . based on transfer matrix method, and the effectiveness of this structure as a pressure sensor was demonstrated.
On the other hand, the stack of metamaterial structures has been demonstrated to be able to realize perfect lens and to enhance the resolution of sensors [57, [60] [61] [62] [63] . For example, an impedance-matched, low loss negative index metamaterial superlens was reported by Aydin et al. [62] . It is capable of resolving subwavelength features of a point source with a 0.13 wavelength resolution. Yang et al. [63] . studied the potential of quantum metamaterial for subwavelength imaging applications in the mid-infrared. FDTD numerical simulations demonstrated the negative refraction along an air/metamaterial interface, and a sub-diffraction-limited image of a structure that is ten times smaller than the incident wavelength. A novel microwave nondestructive evaluation sensor based on a negative index material lens constituted of stacked SRR structures for detection of material defects was proposed and fabricated by Shreiber et al. [57] . A sketch of the sensor system is illustrated in Figure 13 (a). The lens is made up of a stack of double split resonators. Simulation models of the 1D and 2D lenses are shown in Figures 13(b) and 13(c). The author investigated the performance of the metamaterial lenses for the detection of material defects which were small relative to wavelength. In the sensor system, the sample is positioned at the focus spot of the lens. The defect in the sample will induce some significant changes in the energy density detected by the monopole. Ideally, the same monopole could be used to detect the reflected signal, but because the metamaterial is lossy, an additional monopole was placed on the other side of the lens to detect the reflected signal from the sample. Experimental results show that both the 1D and 2D lenses are capable of detecting a 3 mm (0.037 ) diameter through a hole in a fiberglass material sample based on analyzing the receiving power of the monopole, but the image obtained with the 2D lens is much sharper. 1D and 2D lenses. The 1D lens yielded a focus spot size of 0.7 , whereas the focus spot for the 2D lens is about 0.48 . On the other hand, due to the influence of metamaterial loss, the transmittance of the 2D lens is much lower than that of the 1D one, and then the 1D lens allows for a longer sample standoff distance and higher transmission. Therefore, the choice of the lens to be used in a sensor is prescribed by the specific requirements of the testing system.
Sensors Based on a Single Metamaterial Particle
In a pioneering work, Fedotov et al. [64] Figure 14 : Power scans at focus spot distance for 1D lens and 2D lens [57] .
"trapped" in the gap of the unit cells. Based on this characteristic, a metamaterial particle-assisted thin film sensor was proposed and demonstrated experimentally by Al-Naib et al. [58] . It consists of a single mode rectangular waveguide and a single asymmetry double split resonator (aDSR), as shown in Figure 15 (a). In this device, the excitation of "trapped modes" leads to an extremely sharp resonance. Then, at the resonant state, the electric field concentrates in the gap of the ring (see Figure 15 (c)), and this region becomes sensitive in dielectric environment. To evaluate the performance of the sensor, the aDSR was coated with a 17.8 m thick layer of photoresist in four degrees of coverage, and the transmission coefficient was measured as shown in Figure 16 . The circular aDSR features a resonance shift of 9, 24, and 48 MHz for the single-covered square, the two covered squares, and the full coverage, respectively, demonstrating the enhanced sensitivity of the sensor. Since only a single aDSR is required, the design of such a resonant sensor is quite flexible. Besides, the aDSR is located in the waveguide and shielded against environmental influence, so that the measurement is robust and highly reproducible. Following the work of Al-Naib et al., great efforts have been dedicated to study the sensors based on single metamaterial particles. For example, He et al. [65] proposed and demonstrated the implementation of tip-shaped split ring resonator in microwave thin film sensing. An evanescent microwave probe composed of a single SRR excited by a simple rectangular loop is proposed by Ren et al. [66] . It has the advantages of simple fabrication and low cost. Numerical and experimental results show that the presence of the single SRR enhances the evanescent field concentration in the close proximity of the probe, and then the sensitivity of the probe is improved substantially. Our group [25] reported a double negative material particle-assisted microwave sensor and demonstrated that when a pair of Ω-shaped particles is located in a rectangular waveguide, the transmission can be greatly enhanced, and such a novel sensor possesses much higher sensitivity than that of traditional microwave sensor.
Besides, we investigated the influence of shape and asymmetric parameters of the aDSR on the performance of the sensor [26] . Results show that the spectral response and the factor of the sensor can be flexibly tailored to design requirements by adjusting the asymmetry parameter or the topological structure of the resonator. Recently, we reported an optimized design concept for a microwave resonant sensor based on stereocomplementary asymmetric split resonator (CASR) [27] . In terms of its special structure characteristic, the stereo-CASR can be perforated on a copper sheet, and thus the influence of the substrate losses on factor can be eliminated. Figures 17(a) and 17(b) show the electric field distribution and the corresponding power flow on the surface of the resonator at the resonant state. We supposed that the sample substance was deposited in the low gap of the structure and the spectrum was simulated, as shown in Figure 17(c) . It is seen that the spectrum moves to the lower frequency side with the increase of sample permittivity. The average frequency shift with respect to a small change of 0.1 in sample permittivity is about 123 MHz. The relation between resonant frequency and sample permittivity plotted in Figure 17 (d) reveals a good linearity of the sensor. Moreover, the simplicity of such sensing structure enables its utilization in a wide frequency range by simple rescaling, which opens up avenues toward flexible designing of sensors with superior sensitivity.
The Other Kinds of Metamaterial Sensors
The other kinds of metamaterial sensors include sensors based on the squeezing and tunneling effect, combined right/left-handed metamaterial transmission lines (CRLH) [16] , metamaterial probe [67] , and open resonator [28] . The CRLH sensor is a popular concept for the microwave region. It utilizes metamaterial transmission line unit cells as building blocks and can be exploited to allow for different sensor applications, such as the measurement of mass flow [68] , level [69] , permittivity [70] , strain [71] , and the velocity of granular materials on belt conveyor systems [72] . More details relating to this kind of sensors can be found in the review article of Schueler et al. [16] . The metamaterial probe proposed by Boybay and Ramahi [67] consists of a rectangular waveguide with a layer of single negative or double negative metamaterials covered at one end. Due to the application of evanescent wave, it is capable of sensing the target object such as cracks on aluminum plates with subwavelength resolution. The open resonator was firstly proposed by Notomi [73] based on the ray theory in 2000. It consists of two homogenous double negative metamaterial (DNM) squares in the air. Later, the resonating modes in the open resonator were demonstrated numerically by He et al. [74] using the finite-difference time-domain method. Open resonator has been widely applied in dielectric sensing and laser cavity. Recently, we designed and fabricated a novel open resonator using metamaterial transmission line medium [28] . The open resonance effect which is generated by multiple negative reflections is demonstrated experimentally. Figure 18 at the resonant state reveals the highquality characteristics of the metamaterial open resonator, which may provide many possibilities for designing sensors with superior performance. The squeezing and tunneling effect of electromagnetic waves transmission through narrow channels filled with epsilon ( ) near zero (ENZ) metamaterials was demonstrated theoretically by Silveirinha and Engheta [75] . Since the wavelength of radiation inside the ENZ metamaterials is extremely large, waves propagate inside the ENZ material with no relevant reflection losses at abrupt bends or junctions. The theory of energy squeezing and tunneling through an ultranarrow rectangular metallic waveguide was experimentally verified by Edwards et al. [76] using a microwave setup consisting of three distinct regions in a rectangular waveguide with a narrow channel. Alù et al. [59, 77] showed that the phenomenon of energy squeezing and tunneling through a narrow waveguide channel can be used for accurate dielectric sensing application. Figure 19 shows the simulation model of the permittivity sensor, which consists of an ultranarrow rectangular channel connecting the two sections of a waveguide. In this way, the ENZ-related supercoupling effects can be achieved using conventional materials filling in the channel. The infinite phase velocity of the mode near its cutoff results in a uniform and a strongly enhanced electric field along the channel. As a consequence, a small cavity region with permittivity cav located in the channel will perturb the tunneling effect clearly and then introduce a significant shift in ENZ-related tunneling frequency. The transmission spectra are shown in Figure 20 . From left to right, the curves correspond to the materials with relative permittivity varying from 1 to 2. The peak at about 1.8 GHz is a Fabry-Perot resonance, which is strongly dependent on the length of the channel. Additionally, the squeezing and tunneling effect is independent on the shape of the waveguide. We [29] studied the tunneling of electromagnetic field through a 3D coaxial waveguide channel filled with ENZ materials and showed that the varying of sample permittivity from 1 to 3 will result in a frequency shift of 100 MHz on average.
Conclusions
With the development of metamaterial science, sensing application of metamaterials has attracted more and more attention. The amplification of evanescent wave at the boundary between positive and negative refractive index materials not only allows for subwavelength resolution in optical imaging, but also increases the sensitivity of the planar waveguide sensors and the whispering gallery mode sensors due to the International Journal of Antennas and Propagation enhancement of the interaction between wave and matter. Sensors-based metamaterial arrays and particle(s) utilize the local field enhancement and resonant characteristics of metamaterials to achieve high sensitive detection. Besides, simply rescaling the size of metamaterial particles allows for the design of sensors from microwave to optics. Although metamaterial loss cannot be eliminated, reducing the size of metamaterial arrays and using the stereoparticles instead of the planar ones are all effective measures for reducing the impact of losses on sensor performance. We believe that with the development of the research of evanescent wave and the concomitant effects, sensors with excellent sensitivity and subwavelength resolution might be brought by metamaterials in the future.
